ABSTRACT Analysis for chromosome aberrations in human peripheral blood lymphocytes has been developed as an indicator of dose from ionising radiation. This paper outlines the mechanism of production of aberrations, the technique for their analysis and the dose-effect relationships for various types of radiation. During the past ten years the National Radiological Protection Board has developed a service for the UK in which estimates of dose from chromosome aberration analysis are made on people known or suspected of being accidentally over-exposed. This service can provide estimates where no physical dosemeter was worn and is frequently able to resolve anomalous or disputed data from routine film badges. Several problems in the interpretation of chromosome aberration yields are reviewed. These include the effects of partial body irradiation and the response to variations in dose rate and the intermittent nature of some exposures. The dosimetry service is supported by a research programme which includes surveys of groups of patients irradiated for medical purposes. Two surveys are described. In the first, lymphocyte aberrations were examined in rheumatoid arthritis patients receiving intra-articular injections of colloidal radiogold or radioyttrium. A proportion of the nuclide leaked from the joint into the regional lymphatic system. In the second survey a comparison was made between the cytogenetic and physical estimates of whole body dose in patients receiving iodine 131 for thyroid carcinoma.
In the early part of this century observations on plant cells showed that ionising radiation produces chromosome damage. The first quantitative studies using Tradescantia microspores were published by Sax in 1938 . During the ensuing two decades Sax and other workers carried out many experimental studies with plants, especially with species of Tradescantia, to examine how the amount of chromosome damage changed with various physical and biological factors. These included dose, dose rate, the quality of radiation, irradiation at different stages of the cell cycle, the temperature during irradiation and the presence of oxygen. This early work was reviewed comprehensively by Giles in 1954. By 1946 the studies had progressed sufficiently for Lea to propose a theory of chromosome breaks suggesting that they were caused by several ionisations produced by one ionising particle as it passed through the chromosome or chromatid. Improvements in the techniques of cell culture and slide preparation enabled the examination of human cells
Received for publication 1 June 1977 Accepted for publication 21 June 1977 and by the mid-1950s the identification of the 46 chromosomes. However, the main breakthrough occurred in 1960 when Moorhead et al. published a method for stimulating peripheral blood lymphocytes to divide in culture. With the availability of lymphocytes and the ease with which they could be cultured and dispensed onto slides these cells became the material of choice for many human chromosome studies. Abnormalities in both the number and structure of chromosomes then became readily detectable although for the latter initially only gross modifications such as breaks and large exchanges of material between chromosomes could be easily identified.
During the last five years significant advances have been made in chromosome staining which enable more subtle rearrangements of the chromosome material to be seen. These techniques, G banding (Sumner et al., 1971) , C banding (Sumner, 1972) , R banding (Dutrillaux and Lejeune, 1971 ) and harlequin staining (Perry and Wolff, 1974) have not yet made a practical contribution to cytogenetic dosimetry, but they do open up the possibility of quantitative work with stable aberrations.
It is now appreciated that some structural 261 aberrations are suitable for the screening of mutagenic and therefore potentially carcinogenic chemicals to which people may be exposed at work or in the environment (Perry and Evans, 1975) . However this paper is confined to a review of the effects of ionising radiation on chromosomes in the peripheral blood lymphocytes.
Types of chromosome aberrations
Both chromosome and chromatid type aberrations are observed at the first post-irradiation metaphase. Chromosome aberrations are produced after irradiation during the Go or early G1 stages of the cell cycle so that damage is duplicated in the S stage and is expressed at metaphase as symmetrical damage involving both chromatids. Chromatid aberrations are produced by irradiation after the chromosome has split into two chromatids in the S and G2 stages and are not symmetrical. Such a break in one chromatid may be replicated in the next S stage if the cell is able to pass through the first division into the second cycle. The symmetrical aberrations produced from chromatid damage in this way are known as derived chromosome aberrations.
In irradiated tissues where cell division is constantly taking place both chromosome and chromatid aberrations are observed. The relative numbers found depend on the time interval between irradiation and biopsy as well as on the sensitivity of the chromosomes during the various stages of the cycle. A great advantage of studying aberrations in lymphocytes is that for all practical purposes these cells are in the Go stage in vivo so that only chromosome damage is induced. Thus in the present review we propose to consider only chromosome-type damage and the reader is referred to Savage (1976) (Mayall, 1976 (Greaves et al., 1974) . Lymphocytes stimulated by PHA are presumed to be T-type and consequently most of the work reported on chromosome aberrations applies only to T cells. In a healthy adult about 60 % of the peripheral blood lymphocytes are T cells. Prosser (1976) has shown that B cells are more sensitive to radiation than T cells in experiments in which he observed the loss of viability, as measured by trypan blue exclusion tests in non-dividing cells. In patients treated with x-rays, Blomgren et al. (1974) found that the percentage of presumed B cells in the total lymphocyte population was halved after treatment. This is in agreement with the observation of Prosser that in in vitro experiments B cells show a higher radiosensitivity. However, not all experimenters agree, and more research is required to establish the kinetics of the lymphocyte response after the whole or part of the body has been irradiated.
The rapid fall in the total lymphocyte count in the peripheral blood after whole body irradiation (Vodopick and Andrews, 1974) has not been explained. It is probably not due to the intrinsic radiosensitivity of the cell, for Lloyd et al. (1975a) showed in vitro that the survival of lymphocytes was similar to that of other types of irradiated human cells when cultured and tested for their colonyforming ability. Thus in vivo the fall in the lymphocyte count is probably not due to cell death but may reflect an enhanced migration of cells out of the vasculature and into other tissues.
Radiation-induced aberration yields
Data from animal experiments (Clemenger and Scott, 1971) and from humans (Buckton et al., 1971) have established that the aberration yield in lymphocytes following a uniform whole body irradiation is similar to that obtained when blood samples are irradiated to the same dose level in vitro. Therefore it is possible to construct in vitro curves relating radiation dose to chromosome aberration yield and to use these curves to estimate dose by analysing blood samples from people accidentally overexposed. The most important in vitro curves for radiological protection purposes have now been established in the NRPB laboratory (Lloyd et al., 1975a (Lloyd et al., , 1976a . These are for 250 kV x-rays, cobalt 60 y-radiation and neutrons (Fig. 4) Lloyd et al., 1977b ). This biological dosimetry service is maintained as an addition to the routine personal monitoring by film badges and is used when a known or suspected overexposure to penetrating radiation has occurred and when the cytogenetic data may usefully supplement physical dosimetry.
The 272 cases where blood samples have been obtained for biological dosimetry may be divided into four categories as shown in (Lloyd et al., 1973a; Harrison et al., 1974) . In both cases partial body exposures were involved resulting in Except at low doses of low LET radiation the aberration yield is not linearly related to the radiation. Consequently the dose estimate from the chromosome aberration yield is expressed as the equivalent whole body dose which is defined as that uniform dose to the whole body which would induce the observed aberration yield (Dolphin, 1969) . For most blood samples received by the laboratory 500 lymphocytes are scored which involves about two days' work by a skilled technician. The equivalent whole body dose estimated from the number of dicentrics observed in 500 cells is given in Table 5 for cobalt 60 y-radiation and 250 kV x-rays. These data were obtained in the NRPB laboratory and may not be applicable in other laboratories using different scoring criteria.
The NRPB operates a service based on blood samples sent through the post. A kit containing a y-sterilised lithium heparin specimen tube, an instruction sheet and a self-addressed padded envelope (Jiffy bag) is sent to the doctor who is asked to return the sample by First Class post. Because of the longevity of lymphocytes in the body, delays of possibly several weeks before sampling may be tolerated without detriment to the dose estimate. This is important for it is possible that the occurrence of an over-exposure may not be appreciated until the film badge is processed up to four weeks later. Further delays are inevitable while the data from the film are considered, the man questioned, and a blood sample kit sent out from the laboratory.
Once a sample is taken some delay in its transit can also be tolerated. This has enabled samples despatched by air from outside Europe to be successfully processed in the laboratory. In a recent experiment postal delays of up to six days were simulated with no effect on the eventual dose estimate. Once received in the laboratory, lymphocytes are cultured for 48 hours by the mini method outlined earlier. Table 5 The equivalent whole body dose from exposure to cobalt 60 y-rays or 250 k V x-rays estimated from the number of dicentrics observed per 500 cells (54, 14) 17 (34, 6) Cytogenetic studies of medically-irradiated subjects Surveys have been made of the chromosome aberrations in lymphocytes from radiotherapy patients. Data from these studies provide a valuable source of information on the relationship between dose and aberration yield, and avoid the need for many animal experiments. The interpretation of aberrations resulting from internal radionuclides is difficult and requires much more study. This is an area where patient data are especially useful and in this section it is proposed to describe two surveys undertaken by the laboratory in cooperation with several medical centres. One form of treatment for rheumatoid joints is the intra-articular injection of radiogold or radioyttrium. A survey was carried out on 70 patients receiving this treatment to the knees (Stevenson et al., 1973) . In the majority of patients only a small aberration yield was found but in a few a large amount of damage was observed, the highest being 28 dicentrics per hundred cells. From the in vitro calibration curves this high yield corresponds to an equivalent whole body dose of about 250 rads but such a dose is not possible from the amount of radionuclide initially injected. Typically the injection was 10 mCi of gold 198 or 5 mCi of yttrium 90 which, when spread uniformly throughout the body, would give a dose ofjust over 10 rads.
These high aberration yields were found to correlate with the amount of radiogold leaking from the joint and passing along the lymphatic ducts to the inguinal lymph nodes where it could be measured by scintillation scanning techniques. This correlation led Stevenson et al. to suggest that the high aberration yield was due to selective irradiation of lymphocytes as they passed through the nodes containing the activity. On a quantitative basis the data were consistent with about 50 g of lymphocytes, presumably T cells, circulating through these regional lymph nodes during the week or so required for most of the isotope to decay and receiving in a single transit a dose of about 400 rads.
As a result of this and subsequent cytogenetic studies the use of gold 198 which has a y-radiation component has declined in favour of yttrium 90 and other pure f-emitters. Studies in which the treated joints were immobilised for a few days after injection have shown markedly less leakage of nuclide and consequently lower aberration yields in lymphocytes. Immobilisation with splints or casts and confinement to bed for about three days is now routine practice in some centres.
In 1961 Pochin drew attention to the increased incidence of leukaemia in a group of about 200 patients treated for thyroid cancer with iodine 131. These excess leukaemias, which were noted in the 20 years following treatment, can be associated with whole body radiation doses from the radioiodine. Thus in order to assess the risk of leukaemia it is important to make a reliable estimate of the total body dose involved in the treatment. Although the metabolism of iodine in humans is reasonably well understood the calculation of whole body radiation dose still presents problems. Therefore it was decided to make biological estimates of the equivalent whole body doses by chromosome aberration analysis and to compare these with physical estimates in a number of patients given 80 mCi of iodine 131 for thyroid ablation or 200 mCi for treatment of metastatic deposits following ablation (Lloyd et al., 1976b) . Good agreement between the estimates was observed in patients whose thyroid gland had previously been ablated with radioiodine. In patients who had varying degrees of thyroid function the cytogenetic estimate of dose was always considerably higher. It seems probable that the biological estimate was elevated by the selective f-irradiation of lymphocytes as they passed close to deposits of organically bound iodine retained in the thyroid and liver.
Problems in interpreting aberration yields in terms of dose
For cases of exposure to external radiation the dose estimates from chromosome aberration analysis are expressed as equivalent whole body doses which are suitable for inclusion in the existing records of dose from film badges. However in practice few accidental irradiations are to the whole body; partial body exposures are much more likely and by the time a blood sample is taken lymphocytes which were in the exposed field have been thoroughly mixed by the circulation with the unirradiated fraction. Unless the localised skin dose is above the erythema threshold (-600 rads) there is no biological technique which can give information about which areas of the body have been irradiated.
It should be possible to take samples of skin from various parts of the body and analyse fibroblast cultures for chromosome damage but many cells containing unstable aberrations would be selectively eliminated in the divisions which take place in culture. In principle differentially stained chromosomes could be examined for stable aberrations such as translocations. However, this is very timeconsuming and must await the development of automation-assisted karyotyping by pattern recognition.
Limited information on partial body exposures can be obtained by studying the distribution of aberrations among the lymphocytes scored. After a uni- Partial body doses from external radiation sources may result from non-penetrating x-radiation or f-particles. With these soft radiations the dose is absorbed within a few millimetres of the body surface so that few lymphocytes are likely to be exposed. In these circumstances cytogenetic dosimetry using lymphocytes is clearly unsuitable but nevertheless in some cases blood samples have been analysed merely to demonstrate that no penetrating radiation was involved and that the equivalent whole body dose was effectively zero.
It might be expected that when a mixture of irradiated and unirradiated lymphocytes is cultured following a partial body exposure, the more highly irradiated cells may be selectively eliminated by death during interphase or that their passage through the first cell cycle in vitro may be delayed. Consequently the cells analysed may not present a true picture of the relative numbers of damaged and undamaged lymphocytes in the peripheral blood and this could lead to an underestimate of dose. Experiments have been carried out in vitro to simulate partial body exposures by culturing mixtures of equal volumes of irradiated and unirradiated blood from the same donors (Lloyd et al., 1973b and 1977a) . This has confirmed that irradiated cells are at a selective disadvantage and that most of the cell loss is due to death rather than mitotic delay. However at doses up to 50 rads, which includes the vast majority of accidents, the effect on the aberration yield is negligible. These in vitro data are supported by in vivo experiments in which pigs were given partial body doses of radiation (McFee, 1977) . Radiation-induced mitotic delay even at 400 rads is only of the order of a few hours and the human in vitro experiments showed that cell selection did not distort the aberration yield sufficiently to warrant culture times in excess of the standard 48 hours.
Physical factors which could complicate the interpretation of aberration yields are the dose rate or the fractionated nature of an exposure. The attenuation of the dose by the body, and the mixing of the lymphocytes by the circulation, result in the exposure of cells to a spectrum of dose rates. Therefore the effective dose rate could be taken as that at the mean mid-line. In practice however dose rate or fractionation need only be considered in accidents where the dose exceeds about 50 rads of low LET radiation because below this level the aberrations are induced by single ionising tracks (the oxD term in the yield equation), and are independent of dose rate. For higher doses, such as 500 rads, experiments have shown that increasing the dose rate increases the aberration yield but this trend ceases at about 150 rads per hour . For high LET radiation, fission neutrons for example, the dose rate effect is negligible at all dose levels (Lloyd et al., 1976a) .
The incidence of unstable aberrations, particularly the dicentric, in persons who have not been exposed occupationally is low and this is clearly an advantage for cytogenetic dosimetry. However there is no way of being certain that the aberrations seen in any particular case resulted from the recent radiation exposure incident which prompted the analysis. Because of the longevity of lymphocytes, occupational exposure during the previous few years may have contributed to the aberrations seen. Thus it is necessary to consult the records for any previously accumulated dose. A further complication is that any exposure for medical purposes does not feature on the occupational dose record nor is the employee even obliged to inform his employers that he has been exposed to radiation for medical purposes. Such information has to be elicited by the doctor at the time the blood sample is obtained.
Chromosome and, more particularly, chromatid damage may be produced by agents in the environment other than radiation. However, much of this damage has been demonstrated for certain only in vitro, at concentrations well above those experienced by lymphocytes in vivo. Lysergic acid diethylamide (LSD) and caffeine are good examples of drugs which give conflicting in vivo and in vitro results (Dishotsky et al., 1971; Bishun et al., 1973) . Shaw (1970) has written a comprehensive review of the chromosomolytic effects of chemicals and Nichols (1970) (Perry and Wolff, 1974) . It is now quite clear that routine analysis of chromosome damage can be extended beyond radiation to provide a useful technique for the in vitro and in vivo screening of chemicals which are potentially mutagenic or carcinogenic (Perry and Evans, 1975) . Many laboratories are now developing screening programmes based on a variety of biological endpoints including chromosome damage (Bridges, 1976) .
In radiobiology the full potential of chromosome aberration induction as an experimental tool has not yet been completely realised. As most of the loss of colony-forming ability in irradiated cell cultures can be accounted for by the presence of visible chromosome aberrations, it is clear that many of the anomalies found in cell survival experiments need to be investigated by cytogenetics.
The technique provides a convenient means of evaluating the distribution of biological damage in radiation beams which have potential value in radiotherapy. For example, Lloyd et al. (1975b) have described an investigation of the characteristics of negative pion beams using chromosome aberration induction in lymphocytes. More recently the technique has been used for examining the biological damage induced around needle sources of californium 252. This isotope emits neutrons and y-radiation and has potential application in those treatments where radium needles are currently used (Lloyd et al., in preparation) .
The statistical accuracy of any cytogenetic analysis, whether for radiation or chemical effects, depends on the number of cells which are examined. Several laboratories around the world are developing automated computer-linked systems which will locate cells very rapidly on a microscope slide and analyse them for karyotypic abnormalities. It is highly likely that during the 1980s such machines will make a major impact on human cytogenetics.
